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ABSTRACT 

An experimental program was conductec to  study the thermochemical , 

flammability, and toxicological characterist ics o f  JP-4 a i r c ra f t  fuel , 
isocyanurate foams, intumescent coatings , and Fluorel. 

included XP-2 chamber smoke t e s t ,  ASTM D-1692, infrared photography, 

Bureau of Mines penetration t e s t ,  and use of the Instron Environmental 

Chamber to  measure compressive strength. 

gases were analyzed by gas chromatography and mass spectrometry. The 

LD-50 t e s t  was performed on Sprague-Dawley r a t s  housed i n  an environ- 

mental chamber. The isocyanurate foam, f l  uorel-coated foam, and the 

intumescent-coated foam were found t o  have excellent flammability and 

insulation character is t ics ,  a1 t h o u g h  smoke development was substantial .  

The LD-50 values for Sprague-Dawley rats, based on a two-week survival , 

were approximately 2.0 gm/ft3 for  a l l  three materials. 

Testing methods 

Combustion and pyrolysis 
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I .  INTRODUCTION 

A. BACKGROUND 

Previous studies of low-density foams have indicated their 

uti l i ty,  i f  properly designed and formulated, as an effective char 

precursor. Exposure of fire-retardant isocyanurate foams in large 

scale JP-4/air fuel f ires have denlonstrated their excellent resistance 

t o  flame penetration and their effectiveness as a thermal barrier. The 

application of an intumescent barrier coating t o  the isocyanurate foam 

improves the f l  ammabi 1 i ty  characteristics of the cell u l  a r  substrate, 

. 

retards the outward diffusion o f  gaseous degradation products, and 

leads t o  the earlier formation of a stable char structure. 

The application o f  a fluorinated polymeric coating a copolymer 

of vinylidene fluoride and hexafluoropropylene t o  polymeric materials, 

has been selected by NASA/Houston a s  a second method for providing 

additional stability t o  substrates d u r i n g  actual f i re  exposure. 

Both of  the above described systems o f fe r  marked improvement of 

the flammability characteristics o f  materials i n  actual f i re  exposure. 

However, considerable concern has been raised as t o  possible 

undesirable side effects t o  l i f e  support during pyrolysis o r  combustion. 

B. PREVIOUS STUDIES 

In a continuing program sponsored by the Chemical Research Section 

NASA/Ames, the Center For Flammability Research o f  the University o f  

Utah previously evaluated the thermochemical and thermophysical properties 

of low-densi ty  fire-retardant urethane foams. These results are presented 

1 



i n  Reference 10. 

11. SCOPE OF WORK 

As outlined i n  Contract NAS2-6063, National Aeronautics and Space 

Administration, Ames Research Center, Moffett Field, California, the 

specific Objectives of this work were: 

A. To determine the i n i t i a l  physiological response t o  burn ing  

JP-4 fuel, to  serve as a basel ine for  comparing the toxici ty  

of combustion products from isocyanurate foams, f l  uorel 

refset  and 45-6-3 coatings. 

determining the ef fec t  of temperature and oxygen concentration 

on laboratory ra t s .  

To determine the flammability characterist ics and pyrolysis 

products of coated and uncoated foams. In  addition, gross 

analysis of the e f fec ts  of effluents from these materials was 

to  be made by determining the LD-50 lethal dose of pyrolysis 

products. 

To determine the degree of l i g h t  obscuration of bu rn ing  

Ames Intumescent Coating, 45-6-3, and the LD-50 lethal dose 

of  pyrolysis products from th i s  intumescent coating. 

To identify the eff luent  gases result ing from pyrolysis.of 

T h i s  was to  be accomplished by 

6. 

C. 

D. 

Fluorel Refset and t o  determine LD-50 lethal dose of these 

products. 

The studies reported herein were designed to  meet the objectives 

of the contract. 

of the cause of death was made on a limited number of Sprague-Dawley ra t s .  

Necropsies were performed on selected animals which were kil led i n  f ire 

2 
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exposure tests and, i n  addition, histopathological studies of the respira- 

tory t r a c t  and vi ta l  organs were conducted t o  determine the nature and 

extent o f  injury. 

The resul ts  of these studies and the i r  significance has been 

considered and used to  design fur ther  experiments i n  an attempt to  

ascertain the relevance between animal studies and human response. 

111. DESCRIPTION OF MATERIALS 

A. CHEMISTRY OF ISOCYANURATE POI YMERS 

The isocyanurate r i n g  s t ructure  is formed by the cyclization of 

three isocyanate groups. 

flammability character is t ics  may be obtained by the incorporation of 

polyfunctional aromatic isocyanates such as 4,4' d4phenylmethanedi- 

isocyanate. 

Increased thermal stabi 1 i ty and improved 

The cyclization reaction i s  shown i n  Equation ( 1 ) .  

Equation (1) 
3 
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Farkas and Mills(l)reported using base catalysts  such as sodium benzoate, 

,lead oleate ,  and t e r t i a ry  amines to  control the cyclization process. 

highly aromatic s t ructure  of the isocyanurate polymers r e s t r i c t s  motion i n  

the polymer chain and produces brittleness. 

The 

Ricci t ie l lo ,  e t .a l  . (')introduced urethane 1 inkages into the isocyanurate 

polymer to  obtain the desired degree of f l ex ib i l i t y .  

t o  modification of the polymer by the addition of  urethane linkages is the 

reduction i n  thermal s t a b i l i t y  of the modified pol-mer. Urethane linkages 

decompose a t  lower temperatures than the isocyanurate structure.  

on the nature of the isocyanate s t ructure ,  poly01 functionali ty,  and 

molecul ar-weight-per-cross1 i n k  density the urethane 1 inkages decompose from 

18OoC t o  275'C w i t h  a char yield ranging from 0 to  35 percent. (3) The iso- 

cyanurate ring structure decomposes between 3OO0C and 325OC w i t h  an approxi- 

mate char yield of 50 percent. Isocyanurate polymers modified by the intro- 

duction of urethane linkages while possessing a reduced thermal s t a b i l i t y  have 

reduced brittleness and f r i a b i l i t y ,  increased dimensional s t a b i l i t y ,  and pro- 

duce a higher char yield than comparable r i g i d  urethane foams. 

The major disadvantage 

Depending 

The poly01 moiety can greatly influence the flammability characterist ics 

of the ce l lu la r  plast ic .  

govern the development of char y ie ld ,  the flammabil i t y  of decomposition species,  

and the thermal degradation temperature of isocyanurate polymers : 

Ricci t ie l lo ,  e t . a l .  ( ')listed four parameters which 

1. The poly01 moiety must serve as a precursor t o  char formation which 

may form as resu l t  of a cyclization process. 

The temperature for  cyclization should occur pr ior  to  tha t  required 

for  the degradation of the urethane linkage to minimize vola t i le  

2. 

fragment formation. 

3. The poly01 should have a low hydroxyl number to  limit the 

conversion o f  isocyanurate groups t o  urethane linkages. 

4 



4. The polyol should have a high molecular weight and low function- 

ality in order to impart mechanical flexibility to the 

i so cyan urate - u ret h an e po 1 yme r s t r u c t u re. 
The polyol used to prepare the isocyanurate polymers developed by 

NASA/Ames was a prepolymer derived from glycerin and propylene oxide to 

which pendant nitrile functional groups were grafted. 

the following structure: 

The polyol has 

STRUCTURE OF POLYOL 

Acrylonitrile was selected as the grafting monomer because nitrile 

linkages cyclize to form a high-temperature-stable heterocyclic structure 

at temperatures below 20OoC. 

group is: 

The cyclization reaction of the nitrile 

R D 

CYCLIZATION OF NITRILE GROUPS 

5 



The homogeneous char structure which i s  formed i n  h i g h  yield acts 

as an effect ive diffusion barr ier  and thus retards the migration of 

vo la t i le  degradation products into the gaseous phase. T h i s  carbonaceous 

layer also provides an effect ive thermal insulation barr ier  to  shield 

the underlying substrate from the burn ing  region. 

The reaction of isocyanate and polyol produced an exotherm suff ic ient ly  

h i g h  t o  vo la t i l i ze  the trichlorofluoromethane blowjng agent incorporated 

i n  the poly01 thus producing a r i g i d  ce l lu la r  plast ic .  The foamed 

isocyanurate polymer had a nominal density of 2.5 - 2.7 l b ~ . / f t . ~  T h i s  

closed celled foam (92% closed-cell content) had an i n i t i a l  thermal 

conductivity of 0.150 BTU.in./ft.2hr.oF. The physical properties of the 

Ames isocyanurate foam are presented i n  Table I .  (2 1 

TABLE I 

PROPERTIES OF AMES ISOCYANURATE FOAM 

Physical Property 

Nominal Dens i ty  

Thermal Conductivity 

F1 ame Res i stance 

Compressive Strength ( 1 1 )  

Compressive Strength (1) 
Compressive Modulus ( I{ ) 
Compressive Modul us (1) 
Water Absorption, Volume % 

Observed Val ues 

2.5 - 2.7 l b s . / f t . 2  

0.150 BTU.in./ft.2hr.oF. 

Sel f-extinguis h ing  

27 p . s . i .  

19 p.s.i. 

1000 p.s.i. 

500 p.s.i. 

3.5% 

ASTM Test Method 

D- 1622 

C- 177 

D- 1692 

D- 162 1 

D-1621 

0-1621 

0-1621 

D-2127 

6 



IV. PYROLYSIS PRODUCTS OF JP-4 AIRCRAFT FUEL 

A. ANIMALS AND ANIMAL CARE 

White male Sprague-Daw1 ey r a t s  were procured from the Hol tzman Comp 

through the Vivarium of the University of  Utah. 

Vivarium, the animals were placed i n  isolation and maintained on a d i e t  

Upon delivery t o  the 

n 

modified w i t h  ant ibiot ics  for  a period o f  ten days before use i n  laboratory 

experiments. Randomly selected r a t s  were sacrificed for pathological 

and histological studies,  bo th  t o  ascertain the i r  normal condition prior 

t o  their use i n  experimentation and t o  obtain data on animals which would 

be used as control specimens. 

E. DESCRIPTION OF CHAMBERS AND ANALYTICAL EQUIPMENT 
- 

1. Laboratow Animals Environmental Test Chamber 

Several concepts involving a completely designed chamber were 

i n i t i a l l y  considered. However, i t  was found possible t o  

shorten construction time and s t i l l  maintain the cost o f  the u n i t  

t o  w i t h i n  an acceptable amount by basing the f inal  design on a 

modification of a commercial forced-draft oven. 

oven selected was a Blue M Stabil-Thermtm oven, which has a 

The particular 

stainless-steel interior and excel l en t  temperature control 

between 100' and 50OoF. The oven was modified to  permit 

7 



exposure o f  up t o  16 animals w i t h  no loss or significant 

dilution of the test  atmosphere. 

by the a d d i t i o n  of an ai r-lock and a sl  i ding-animal -chamber 

holder. The modified environmental test  chamber is shown 

i n  Figure 1. 

are indicated in the sketch. 

designed t o  determine the onset o f  physiological change, the 

LD-50 level, and the LD-100 level of response. Provisions 

were made t o  telemeter blood circulatory rates, respira- 

tory rate, brain wave pattern, and animal body temperature 

during exposure by recorders as indicated. An interior 

view o f  the animal chamber shown i n  Figure 2 indicates the 

sliding chambers and ai  r-lock feature incorporated t o  permit 

introduction o f  the animals i n t o  the chamber wi t h o a t  disturbing 

the environment. Special O-rings were required t o  provide a 

gas-tight seal. 

interior 1 ighting t o  permit observation and photography o f  

animal response. An individual animal chamber i s  shown i n  

Figure 3 u t i  1 izing a borosi 1 i cate-gl ass tubular enclosure and 

stainless-steel mesh-screen end enclosures. 

chambers were constructed entirely o f  stainless-steel mesh t o  

This was accomplished 

Locations of monitoring and sample ports 

Initial experiments were 

A glass window was installed together with 

In later experiments, 

permit better flow-through of circulating gases. 

chambers were held together using the assembly device shown i n  

Fi gure 4. 

Multiple 

2. Non-Corrosive Environmental Chamber 

Early experiments indicated t h a t  problems might be encountered w i t h  

surface adsorption of degradation gases on metal walls and with 

8 



corrosion. Therefore, a second chamber, as shown i n  Figure 5, 

C. 

was fabricated of polymethylmethacryl ate to  permit d i rec t  

pyrolysis and other corrosive-gas studies. Experience indicated 

l i t t l e  o r  no attack on the p las t ic  components of the chamber. 

GROSS EFFECT OF TEMPERATURE ON LIFE 

1. Animal Exposure to  Elevated Temperatures 

To determine the effects  of temperature on survival time, 46 

Sprague-Dawley male r a t s ,  weighing from 40 t o  265 g were exposed to  

temperatures ranging from 5OoC t o  24OoC. 

behavior were noted and the time to death recorded. Death was determined 

by visual observation of the cessation of breathing. 

Observations of the animals I 

The behavior of  animals was quite similar a t  a l l  temperatures 

w i t h  animals being concerned about t h e i r  paws and ears w i t h i n  30 t o  45 

seconds a f t e r  introduction into the chamber. 

ment,was noted a t  a l l  temperatures ?) interspersed w i t h  short  periods of quiet 

behavior d u r i n g  which the animals appeared t o  moisten the i r  paws and r u b  

t he i r  ears.  Death was usually preceded by convulsions which a t  f irst  

were generally res t r ic ted to  the head and f ront  quarter of the animal. 

Following the mild convulsions the eyes would close and irregular 

(usually shallow) breathing would occur followed by severe muscular 

spasms throughout the en t i re  body. 

onset of the whole body convulsions. 

were noted a t  a l l  temperatures w i t h  longer time lapses between symptoms 

a t  lower temperatures for  a l l  weight classes. 

loss was found for  animals a t  a l l  temperatures indicating that  severe 

Sporatic, b u t  not panicky move- 

Death would occur shortly a f t e r  the 

These character is t ic  responses 

Less than 3 percent weight 
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body dehydration had not occurred. 

When the da ta  were plotted as temperatures versus time of death 

(LD-100) three d i s t inc t  curves were obtained which were nearly parallel. 

These curves were found t o  be a function of the animal's weight  with the 

largest animals surviving the longest, (see Figure 

between three and four minutes a t  230OC. 

duct ion  period during which the chamber came back t o  a steady-state 

condi t ion .  The longest observed survival time was 44 minutes for a 

100 g r a t  a t  52OC.  When the da ta  are plotted as temperature versus 

log o f  survival time (Figure 

a t  about  100°C for the 100 gram animals. 

temperatures greater t h a n  100°C i s  about  22'C/minute, while the slope of 

6 ) .  All animals died 

There appeared to  be an in- 

7) two straight lines were found t o  intersect 

The slope of the curve for 

the second line i s  about  0.5°C/minute. 

probably indicate two different mechanisms causing death. 

further investigations are required to  substantiate this premise. 

The distinct changes i n  slope 

However, 

A t h i r d  plot of  the da ta  is  shown i n  Figure 8 where exposure time 

(minutes) multiplied by temperature ('e) and d i v i d e d  by body weight i s  

p l o t t e d  as a func t ion  of temperature ( O C ) .  Though the full meaning of 

the p l o t  i s  not  understood a t  this time, three distinct nearly parallel 

curves were found according t o  body weight, which intersected with a 

single common line for temperatures below 80°C. 

required these curves strongly indicate the animals are overwhelmed by 

heat and their system cannot respond quickly enough t o  permit them t o  

accommodate t o  the sudden increase in temperature. 

While further study is 

The strongest implications of these experiments i s  t h a t  death 

due t o  heat alone is significant a t  elevated temperatures and t h a t  future 

testing w i t h  gases and temperature should meaningfully be restricted t o  

10 
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’ temperatures below 8OoC. However, tests should be r u n  t o  measure the 

short-term exposure hazards o f  animals i n  f ires simulating aircraft-crash 

fires , home fires,  etc. 

Additional experiments must be conducted t o  assess the effect on 

body systems and organs when animals are subjected to  sublethal exposures 

during fires. 

2.  Comparison of Animal and Human Survivability 

The thermal tolerance o f  the Sprague-Dawley rats i s  compared t o  

t h a t  of  humans in Figure 9 as a function of  time o f  exposure. 

curve for humans i s  based on the da ta  o f  Pryor( )(Southwest Research 

Institute). 

much greater thermal tolerance than humans. 

insulating fur of the rats. A t  the lower temperatures, however, humans 

can tolerate such levels for longer periods of time. 

t o  a more favorable surface-to-volume r a t i o  f o r  humans. 

The 

A t  very h i g h  temperatures, the small rats appear t o  have a 

This may be due t o  the 

This may be due 

Despite the apparent importance o f  the insulating fur, a preliminary 

treatment o f  the ambient temperature--time d a t a  for the rats in terms o f  a 

lumped parameter transient heat conduction problem was attempted assuming 

a process control led by external combined effective heat transfer 

coefficient for convection and radiation. The governing equation i s :  

Equation ( 3 )  

Where: e = Time 
Ta = Ambient temperature 
Tb = Initial 
T = Minimum 
h = Externa 

animal temperature 
animal temperature t h a t  can cause death 

combined heat transfer coefficient 

11 



A v 
p = Animal density 

= Animal surface-to-vol ume ra t io  

= Animal specific heat 
cP 

If Equation ( 3 )  is valid,  a plot o f  log (ia :) versus 8 should 
a 

yield a s t ra ight  l ine.  

were processed using a value of T = 45' C ( m i n i m u m  human body temperature 

that  can cause death is  approximately 4 Z o C ) ,  a reasonable s t ra ight  l ine  

was obtained. 

was approximated. T h i s  is not unreasonable. Further treatment o f  the 

thermal tolerance experimental data as a heat transfer problem is  planned 

i n  future studies. 

D. GROSS EFFECTS OF OXYGEN CONCENTRATION ON LIFE 

I t  was found t h a t  i f  the data for  the small ra t s  

From the slope of the l ine ,  a value for h of 4.0 BTU/hr . - f t .2  -OF.  

1. Oxygen-Temperature Interaction 

Data on the ef fec t  of oxygen concentration on r a t  survival are 

available from the work of Pryor, e t . a l .  (4) Pertinent information t o  our  

study are shown i n  Table 11. These data indicate t h a t  a t  l eas t  a 9% 

oxygen concentration i s  necessary t o  insure l i f e  a t  85OF. 

E. COMBUSTION PRODUCTS - JP-4 JET FUEL 

Considerable d i f f icu l ty  was encountered i n  measuring gas 

composition d u r i n g  combustion experiments invo v i n g  JP-4 fuel. 

o f  b u r n i n g  and pos i t ion  of sampling were major variables. 

data are summarized i n  Table I11 

obtained by sampling a t  two places in a flame. 

closed container o r  when attempts were made t o  col lect  combustion products 

Method 

Some of  these 

for  combust on products o f  JP-4 fuel 

When sampled i n  a 

1 2  



TABLE I1 

ANIMAL EXPOSURE TO PRIMARY VARIABLES 



above the flame the sample was too d i lu te  ( w i t h  a i r )  t o  obtain rel iable  

data. 

when animals were exposed t o  the combustion of JP-4 fuel. 

Sampling of the atmosphere was extremely d i f f i c u l t ,  i n  this respect, 

The data i n  Table I11 represent the gaseous products (a t  room 

temperature) obtained by burn ing  JP-4 on a quartz-wool wick and sampling 

the flame as indicated. 

column ( lOO°C) i n  ser ies  w i t h  a 20-foot mole-sieve (90 percent 13x + 10 

percent 5A) column us ing  a thermal conductivity detector. 

same gaseous products were found throughout the flame, the quantit ies of 

the gases varied considerably according t o  the p o s i t i o n ,  method of 

sampling, and the.method of burning.  

condensed l i q u i d s  was not attempted. 

The gases were separated w i t h  a 20-inch silica-gel 

While the 

Analysis o f  the small amounts of 

A sample of JP-4 fuel combustion gas products was also analyzed i n  

an i n i t i a l  control run  i n  conjunction w i t h  testing of foams and coated 

foams w i t h  the f i r e  simulation chamber as discussed below. 

was made w i t h  a gas chromatograph. 

vent stack. 

10.8% 02, and 8.8% C02. 

conditions could be achieved i n  the f i r e  simulation chamber. 

The analysis 

The sample was withdrawn from the 

On a water-free basis, the gas composition was 80.4% N2, 

This indicated that  excellent combustion 

Theoretical calculations were also made of the equilibrium combustion 

products w i t h  various amounts of a i r  and oxygen. These equil i b r i u m  

calculations were carried o u t  us ing  a chemical equilibrium computer 

program. 

tables. Table IV-A presents the equilibrium product mixtures tha t  would 

occur i n  the case o f  normal octane i n  a i r  a f t e r  the gases had cooled t o  

The results of the calculations are tabulated i n  the following 

12OO0K. 

of equi 

Octane was used t o  simulate JP-4. Table IV-B Dresents the results 

ibrium calculations for normal octane burned i n  a i r  a t  1.0 
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TABLE I11 

GASEOUS COMBUSTION PRODUCTS OF JP-4 JET FUEL (H20-Free Basis) 

Sample Location Top o f  Flame Bottom o f  F1 ame 

Mol e Fraction 
O f  Products : 

N2 

co2 

GO 

H2 

0 2  

CH4 

h H 1 0  

0.821 

0.074 

0.032 

0.014 

0.050 

0.0072 

0.0015 

0.775 

0.093 

0.034 

0.029 

0.051 

0.0144 

0.0019 

P 
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TABLE IV-A 

EQUILIBRIUM BURNED-GAS COMSOSITIONS AT 1.0 ATMOSPHERE 
PRESSURE AND 1200 K FOR OCTANE IN AIR 

?er Cent 
Excess Fuel 0 50 I 20 30 

Mole Fraction 
O f  Products : 

N2 0.736 0.699 0.682 

H20 0.140 0.125 0.117 

co2 0.124 0.103 0.0935 

co 0.00000227 0.0391 0 0564 

H2 0.00000188 0.0348 0.0517 

NH3 0.000001 0.00000104 0.00000186 

0.650 

0.101 

0.0773 

0.0875 

0.0842 

0.00000378 

Products considered b u t  present i n  concentration less t h a n  1 ppm are 
same as listed in Table IV-B. 
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TABLE IV-B 

EQUILIBRIUM FLAME TEMPERATURES AND BURNED-GAS COMPOSITIONS AT 
1.0 ATMOSPHERE PRESSURE FOR OCTANE IN AIR 

Per Cent 
Excess Fuel 

Flame Temp. O K  

Mole Fraction 
Of Products : 

NO 

H 

0 

0 

2273 

0.727 

0.134 

0.110 

0.0136 

0.00304 

10-6 

0.00615 

0.00328 

0.00257 

0.000462 

0.000331 

25 

2174 

0.689 

0.140 

0.0783 

0.0678 

0.0237 

10- 6 

0.000033 

0.000612 

0.000148 

0.000746 

0.0000131 

50 

1984 

0.649 

0.126 

0.0529 

0.112 

0.0597 

10-6 

10- 6 

0.0000747 

0.00000825 

0.000353 

10-6 

100 

1639 

0.581 

0.0806 

0.0303 

0.167 

0.141 

10- 6 

10-6 

10-6 

10-6 

0.000306 

10-6 

Products considered b u t  present i n  l ess  than 1 PPM (lom6 mol f ract ion):  

C1 t h rough  C5 (carbon vapor) 03 HCN 
HCO c302 N H  

C2H40 N20 higher  hydrocarbons 
CH NO2 organic acids 
CH2 N2° 3 higher carbonyls 
CH3 N2O 4 peroxides 
C2H2 N2° 5 a1 coho1 s 
C2H4 CN 

C8 ( s o l i d  carbon) CH4 C2N2 

HCHO N NH2 

17 
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atmosphere pressure a t  the flame temperature. 

for  normal octane i n  pure oxygen is given i n  Table IV-C. 

A similar tabulation 

I t  should be noted from the data i n  Table IV-B and Table IV-C tha t  

octane burned i n  a i r  w i t h  no excess fuel yields a CO concentration an 

order of magnitude lower than i f  the same fuel is burned i n  pure 

oxygen. 

lower than i f  pure oxygen was the oxidizer and if the fuel was i n  excess. 

The CO concentration i n  octane-air equilibrium combustion was 

In a real f i re  s i tuat ion,  the degree of local excess fuel depends 

on the level of turbulence, method of ignition and amount of ventilation. 

Consequently, i t  is d i f f i c u l t  to  accurately predict the expected 

distribution of  combustion products without f i rs t  knowing the conditions 

of the combustion i n  the actual f i r e  s i tuat ion.  

Possibly, local excesses of fuel can r e su l t  i n  concentrations 

of CO greater than the lethal dose. 

F. ANIMAL EXPOSURE 

Because of experimental d i f f i cu l t i e s ,  i t  was not possible t o  

establish the desired toxici ty  baseline from the exposure of rats to  t ie 

JP-4 combustion products. 

Table V .  

amounts of fuel caused e i ther  excessive temperature r i s e  o r ,  more 

importantly, volati l ized too much of  the t e s t  specimen. Attempts t o  

re-ignite the volati l ized fuel resulted i n  explosion and flash f i r e s  

which kil led the t e s t  animals. 

ignition alcohol fuel-type lamps, and d i rec t  ignition proved unsatis- 

Typical data o f  animal exposures are given i n  

Continued b u r n i n g  of the j e t  fuel to  consume the desired 

Use of glass-wool wicks, e lec t r ica l  

factory. External burn ing ,  as w i t h  an atomizing nozzle, offers  a 

potential solution to this problem. 
18 



TABLE IV-C 

EQUILIBRIUM FLAME TEMPERATURES AND BURNED-GAS COMPOSITIONS AT 
1.0 ATMOSPHERE PRESSURE FOR OCTANE IN OXYGEN 

Per Cent 
Excess Fuel 

Flame Temp. OK 

Mol e Fraction 
O f  Products : 

0 

H2O 

co 
C O Z  

02 

HO 

H2 

H 

CH20 

0 25 50 200 

3107 31 14 3071 2785 

0.510 

0.280 

0.219 

0.146 

0.101 

0.0952 

0.0567 

0.0514 

0.00000608 

0.33% 

0.286 

0.282 

0.119 

0.0421 

0.0784 

0.0919 

0.0669 

0.0000101 

0.162 

0.278 

0.337 

0.0907 

0.0129 

0.0526 

0.140 

0.0729 

0.0000141 

0.000752 

0.205 

0.415 

0.0432 

0.0002 19 

0.0849 

0.286 

0.0413 

0.. 00 00 169 
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TABLE V 

EFFECT OF JP-4 CO!lBUSTION PRODUCTS ON SPRAGUE-DAWLEY RATS 

Weight o f  Rats (gm) 

Ini ti  a1 1 Day 2 Days 3 Days 14 Days 
JP-4 Sample Volume 

1 m l  385 390 404 412 435 

2 ml 345 344 367 360 408 

4 m l  365 ( D O R )  

Death 9-Minutes 
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V. ISOCYANURATE FOAMS 

A. SMOKE DEVELOPMENT 

One of the many aspects tha t  are  of major concern when studying 

the flammability characterist ics of materials i s  the analysis of the 

parameters governing the smoking tendency. 

into a polymer to  retard i t s  flammability, i t  is  usually found tha t  the 

As additives are  incorporated 

quantity of smoke increases as flame propagation decreases. 

often the smoke emitted contains large amounts of carbon i n  the form of 

soot whi  ch readily obscures 1 i g h t .  

Most 

In studies of the tendency of various fuels  t o  smoke,Minchin( 5, and 

Clarke ( 6, found that  the tendency of paraffins to  smoke increased w i t h  

the molecular weight. 

and compounds i n  the naphthalene se r i e s ,  the tendency t o  smoke was found 

t o  decrease w i t h  molecular weight. Figure 10 summarizes the tendency 

On the other hand, for  olef ins ,  aromatic polymers, 

of fuels  to  smoke. Mickelson and E i n h o r n  ( 7, reported on studies carried 

out t o  determine the e f fec t  of  reactive and non-reactive flame retardants 

on the smoke development i n  urethane polymers. 

effects  of polymer strljcture on the development of char yield and l igh t  

obscuration. 

This study also showed the 

The smoke-development properties of isocyanurate foams and foam 

systems were studied us ing  a modified XP-2 smoke-density chamber ( 8  1 

i l lus t ra ted  i n  Figure 11. 

by 31 inches h i g h  and i s  constructed of anodized aluminum w i t h  s ta inless  

s teel  f i t t ings.  

glass panel to  permit observation of the t e s t  specimens d u r i n g  burning.  

The chamber measures 12 inches b.y 12 inches 

The door is cas t  aluminum w i t h  an inset  f i r e - r e s i s t an t  plate 

A quantitative analysis of the smoke density is made by the use 

of a Weston Barrier Layer photocell incorporated i n  the walls of the 
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chamber 11 inches above the sample support. Normally, the time necessary 

, 

to  reach 100% l i g h t  obscuration is used as a measure of the amount of 

smoke being produced. However, since the approach to  100% l i g h t  obscura- 

tion is asymptotic, i t  is  very d i f f i c u l t  t o  obtain times to  100% 

obscuration which are  reproducible. Moreover, some samples can be burned 

completely w i t h o u t  ever producing enough smoke to  give 100% l i g h t  obscura- 

tion. 

was taken as the arbi t rary cr i ter ion fo r  comparing the smoke developed 

For these reasons, the time necessary to reach 70% l i g h t  obscuration 

in the b u r n i n g  of various foam samples. 

the time to  70% l i g h t  obscuration can be measured w i t h i n  a standard 

For samples of the same material, 

deviation of 0.4 seconds. 

Two by two by two inch samples of isocyanurate foam (NASA samples 

la ,  2a, 4a, 6a, and s a )  were evaluated us ing  the XP-2 Smoke-Density 

Chamber. The samples were supported on a 1/4-inch stainless-steel  g r i d  

and subjected to  the d i rec t  impingement of a propane flame (195OOF - 50 

psig gas pressure). 

-- - .  

I 

Figure 12 shows the smoke obscuration values obtained fo r  the five 

uncoated isocyanurate foam samples under s t a t i c  conditions. The sca t te r  

i n  the data (maximum l i g h t  obscuration values 62 - 71%) is a t t r ibuted 

to the non-homogeneous ce l l  structure of the specimens. 

Figure 13 compares the average l i g h t  obscuration values o f  the 

uncoated isocyanurate foams w i t h  those obtained f o r  samples coated w i t h  

the NASA intumescent coating and F1 uorel coating under s t a t i c  conditions. 

The Fluorel-coated samples exhibited the l e a s t  smoke development while 

the intumescent-coated samples produced the greatest  volume of smoke af te r  

an i n i t i a l  lower induction period. 
I - . .  
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Figure 14 i l l u s t r a t e s  the smoke development character is t ics  

observed when samples of the uncoated isocyanurate foam and coated foam 

systems were burned i n  the XP-2 Smoke Density Chamber w i t h  a i r  flowing 

a t  1Ocfm. 

under s t a t i c  conditions (Figure 13). 

air  was present to  permit continued combustion of the Fluorel and 

Intumescent-coated specimens under s t a t i c  conditions. The dynamic 

a i r  environment provides a continual source of oxygen and t h u s  the 

These resu l t s  show a trend opposite t o  those data obtained 

I t  is thought tha t  insuff ic ient  

previously reported trend is  reversed. 

B. THERMAL ANALYSIS 

Thermogravimetric analysis and different ia l  thermal analysis of 

the unmodified isocyanurate foam resulting from the cyclizat’ion of a 

polymeric isocyanate and the modified poly01 were carried o u t  us ing  a 

Dupont Model 950 Therrnogravimetric Analyzer and a Dupont Model 900 Dif- 

ferent ia l  Thermal Analyzer. 
p. 

The thermogravimetric analyses were conducted using a dynamic 

heating rate  o f  10°C per minute i n  flowing (100 cc/minute) a i r  and 

nitrogen environments (Figure 15). 

The i n i t i a l  weight doss (40-100°C) was attr ibuted to  evolution of 

poly01 fragments. 

was identified as the C C l 3 F  blowing agent. 

to  315OC was attr ibuted to  evolution -of the t e r t i a ry  amine catalyst .  

The weight loss occurring between 100°C.’and 200°C 

The weight loss from 200°C 

- .  
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Figure 16, the different ia l  thermal analysis of the isocyanurate foams 

showed tha t  a strong exothermic reaction commenced a t  22OoC i n  the a i r  

environment while an endothermic reaction was observed i n  the range of 

282-294Oc i n  the inert nitrogen environment. 

C.  PYROLYSIS STUDIES 

A ser ies  of pyrolysis experiments, ranging i n  temperature from 200 

t o  1000°C, was made on isocyanurate sample 8-A u s i n g  a Hewlett Packard 

7626A Gas Chromatograph and pyrolysis attachment. 

conductivity detector (TCD) and flame ionization detector (FID) were 

used. 

B o t h  the thermal 

A 1 O : l  eff luent  s p l i t  r a t io  was used which allowed some distinction 

to  be made between the l i g h t  gases (non-oxidizable) and the other pyrolysis 

products which were oxidizable. The FID detects only oxidizable 

fractions , while the TCD senses a1 1 components. 

achieved on a 6'  x 1.8" methylvinyl gum rubber column us ing  helium gas 

flowing a t  a ra te  of 30 cc/min. 

few oxidizable materials p l u s  the l i g h t  gases were observed. 

Separations were 

Below 5OO0C only trace amounts of a 

Above 500°C 

more than 30 oxidizable fractions and a greatly increased quant i ty  o f  
_ .  

non-oxidizable gases were detected. Positive identification of a l l  the 

many separated peaks was not possible w i t h i n  the scope of this study. 

However, tentative identification of the halogenated blowing agent, 

the t e r t i a ry  amine ca ta lys t ,  water, and some f i f teen  other compounds 

was made by matching peak retention times of standard materials. 

resul ts  are  summarized i n  Table VI. 

These 
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TABLE VI 

TENTATIVE IDENTIFICATION OF PYROLYSIS 
PRODUCTS OF ISOCYANURATE FOAM 8-A 

PYROLYSIS TEMPERATURE 
0, 

COMPOUND 
L 

C C13F (blowing agent) > 100 

2,4, 6- Trimethyl (diethylaminomethyl ) phenol 
(Catalyst) > 100 

Water 

Acetonitrile 

> 100 

> 250 

Acryl on i tri 1 e > 250 

Benzene 

Pyrol idone 

Pyr i di ne 

Phenyl i socyanurate 

To1 uene 

Styrene 

Cumene 

Ani1 ine 

Tolunitrile 

p-to1 uidine 

< 500 trace,> 500 Detection 

< 500 trace,> 500 Detection 

< 500 trace,> 500 Detection 

< 500 trace,> 500 Detection 

> 500 

> 500 

> 500 

> 500 

> 500 

> 500 

A 
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Figures 17 through 21 a re  photographs of the pyrolysis curves 

obtained using simultaneous thermal conductivity and flame ionization 

detectors a t  pyrolysis temperatures of 250, 380, 500, 850, and 1000°C. 

These temperatures were preselected a f t e r  examination of the TGA curves 

(Figure 15). 

permit collection of resolved or  composite fractions.  

of chemical ident i ty  of the isolated fractions could be accomplished 

using infrared spectroscopy and mass spectrometry. 

The use of a Hewlett-Packard Mini-prep accessary would 

Confirmation 

D. EVALUATION OF THE FLAMMABILITY CHARACTERISTICS OF ISOCYANURATE FOAM 

1. GENERAL 

F1 ammabi 1 i ty characteri sties are those properties which describe 

the behavior of a material i n  simulated o r  actual f i r e  exposure. A 

number of laboratory procedures were used i n  this study to  c lassi fy 

these characteri s t i  cs . 
2. PRECONDITIONING OF TEST SPECIMENS 

For the ASTM D-1692 and Bureau of Mines Penetration t e s t s  described 

bel ow, samples of isocyanurate foams and foam sys tems were preconditioned 

prior to  testing i n  a modified bell j a r  for  a 72-hour period prior t o  

tes t ing a t  50% re la t ive  humidity and 22OC. The humidity was controlled 

by a 141 m l  solution of 43.0 percent sulfuric acid. 

procedure assured tha t  a l l  samples would have a uniform moisture content 

during the evaluation period. 

foam ranged from 0.032 to  0.040 gm/cm3 (2.0 to  2.5 l b ~ . / f t . ~ ) .  

T h i s  preconditioning 

The b u l k  density of the uncoated isocyanurate 

The 

maximum moisture gain recorded fo r  the uncoated foams was 3.65 percent 

by we i g h t . 
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3. EASE OF IGNITION - HLT-15 INTERMITTENT FLAME TEST 

This simple b u t  re la t ively severe laboratory t e s t  provides an 

indication of the re la t ive  ease of ignition and propagation o f  materials. 

The specimen i s  suspended in a vertical position so t h a t  the heat of 

combustion will be carried upward by convection along the length of  the 

specimen. 

times using increasingly longer ignition periods. 

ignition times and flame - withdrawals are given below: 

F1 ame Appl ication Ignition Time Burner Withdrawn 

(See Figure 22.)  In addition the specimen i s  ignited f ive 

The sequence of 

1 5 Seconds 10 Seconds 

2 7 Seconds 14 Seconds 

3 10 Seconds 20 Seconds 

4 15 Seconds 30 Seconds 

5 25 Seconds 50 Seconds 

In r a t i n g  a composition, f i r e  specimens 8" x 1/2" x 1/8" are burned. 

If the flame i s  extinguished within the period that  the burner flame i s  

withdrawn, the specimen has passed the ignition t e s t .  Each of the five 

test ignitions successfully passed i s  worth 20 points  toward the rat ing 

f o r  t h a t  specimen. 

specimens evaluated. 

Table VI1 presents the results obtained i n  the evaluation of ease 

, 

An average i s  taken of  the ratings for  the f i r e  

of ignition and flame propagation of the isocyanurate foams and foam 

systems. 

uncoated i socyanurate foam, the F1 uorel-coated foam, and the foam protected 

by the intumescent coating were subjected t o  the HLT-15 t e s t  method. 

Figure 23 shows the differences observed when samples of the 
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TABLE VI1 

HLT-15 TEST RESULTS - ISOCYANURATE FOAMS AND FOAM SYSTEMS 

Sample Percent Weight Loss Rating 

Isocyanurate Foam 

F1 uorel -Coated 
Isocyanurate Foam 

In t ume s cen t - Coa ted 
Isocyanurate Foam 

4.85 

5.35 

22.5 

100 

100 

100 

The uncoated isocyanurate foam had the minimum weight loss while 

the intumescent-coated foam showed excessive loss of  weight during the 

HLT-15 t e s t  study. 

loss similar t o  t h a t  observed for  the control sample. A l l  three materials 

The fluorel-coated isocyanurate foam had a weight 

received an excellent rating by th i s  t e s t .  

4. IGNITION AND FLAME PROPAGATION - ASTM D-1692 

The ASTM D-1692 small-scale laboratory t e s t  has been used t o  

determine the ignition and flame propagation o f  plast ic  materials. 

However, i t  i s  not a severe t e s t .  

was revised t o  overcome problems affecting reproducibility and t o  permit the 

testing of  foam samples a t  horizontal, ver t ica l ,  o r  45'angle posit ions.  The 

recommended inner cone flame height o f  0.25 inch was achieved with a Terri l l  

burner. 

burner s l i de  track a t  the base of the ring stand used t o  support the 

Apparatus fo r  the ASTM D-1692 t e s t  

Uniform positioning of the burner flame was achieved by constructing a 
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4 

sample. 

samples was observed when the tests were conducted i n  the hood w i t h  

A considerable e f fec t  o f  d r a f t  across the isocyanurate foam 

varied ventilation. 

consisted o f  a t rans i te  box 1' x 2' x 2' h i g h  w i t h  a one-inch opening 

around the bottom, an open top, and a front viewing window. 

Therefore, a test  housing was constructed which 

Final 

control of the d ra f t  was achieved by adjusting and par t ia l ly  sealing the 

hood control s l a t  t o  obtain a draf t  just  sufficient to  carry away the 

pyrolysis and combustion gases. 

Table VI11 presents the summary of resu l t s  obtained fo r  the 

uncoated isocyanurate foam and isocyanurate foam systems i n  the ASTM 

D-1692 test. In the horizontal position, a l l  three materials rated 

as self-extinguishing, a1 though the intumescent-coated foam was on the 

border line, a l l  three materials burned slowly i n  the horizontal 

position. 

Figure 24 is  a photographic composite showing char l e n g t h  and sample 

distortion a f t e r  evaluation by the ASTM 0-1692 tes t  procedure in the 

horizontal, 45' angle, and vertical positions. 

Additional studies o f  the ignition and flame propagation character- 

is t ics  of the isocyanurate foam and coated foam systems are  summarized 

i n  Table IX. 

5. OXIDATIVE DEGRADATION AND CHAR FORMATION 

Results for  the uncoated foam are  presented here. Results f o r  the 

two types of coatings a re  presented i n  Sections VI and VI1 below. 

a. Air Oxidation 

Figure 25 is  a composite i l lus t ra t ion  of the oxidative degradation 

of isocyanurate foams i n  a temperature range of 20-3OO0C. 

a similar composite i l lus t ra t ion  of  the oxidative degradation of 
29 
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TABLE IX 

ASTM 0-1692 - TEST RESULTS 

c 

(VERTICAL B U R N )  

Property 

In i t i a l  Weight (grams) 

Final Weight (grams) 

Weight Loss (grams) 

% Weight Loss 

Density of Specimen 
(1 bs/f t 3,  

Time, seconds to  burn :  

1 inch 

2 inches 

3 inches 

4 inches 

Maximum Char Length 

Top surface-inches 

I socyanurate 
Foam 

(Control ) 

11.7 

9.3 

2.4 

20.5 

3.72 

7 

14 

22 

30 

3.75 

Bottom surface-inches 1.00 

Spec i men 

Isocyan urate 
Foam 

(F1 uorel 
Coated) 

8.7 

6.3 

2.4 

27.6 

2.76 

10 

18 

30 

43 

3.50 

2.25 

I socyan urate 
Foam 

(Intumescent 
Coated) 

24.0 

17.4 

6.6 

27.8 

7.62 

10 

22 

33 

56 

3.50 

0.75 
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4 

isocyanurate foams i n  a temperature range of 400-700°C. A t  a given 

exposure period of five minutes, the f i rs t  char formation occurred a t  

approximately 20OOC. Moderate shrinkage was evident a t  40OoC. A 

highly flame-resistant boron-containing compound was observed t o  form 

a t  a temperature of 55OoC or higher. 

of flame penetration d u r i n g  actual exposure t o  a h i g h  heat flux f i r e  

T h i s  char greatly reduced the ra te  

(22 BTU/ft  . 2sec. ) 

b. Scanning Electron Microscope 

The scanning electron microscope was used to  follow the mechanism 

of  oxidative degradation of the isocyanurate foam samples. 

27a and 27b show no effects  of  degradation following 5-minute exposure 

Figures 

of test  specimens t o  a i r  a t  100°C. Figures 27c and 27d show thermal 

s t r e s s  and blistering of cell  membranes following a five-minute exposure 

of test  specimens a t  30OoC. 

of isocyanurate foams a f t e r  5-minute exposure a t  500°C. 

Figures 28a and 28b show extended degradation 

Figures 28c 

and 28d show extreme stressing as well as actual fracture of the cel l  

membranes. 

Figures 29a - 29d show complete degradation of  the cell  membranes and 

carbonization o f  cel l  struts a f t e r  5-minute exposure a t  550". 

shows the complete degradation of cel l  membranes and partial  rupture 

of ce l l  s t ru t s  a f t e r  a 5-minute exposure a t  70OoC. 

Figure 30a 

Figures 30b and 30c show fracture of the cel l  struts and actual 

carbonization of the polymeric material. Figure 30d, a highly magnified 

section of the strut, shows the greatly increased porosity caused by the 

oxidative degradation process. 

Finally an experiment was conducted to  determine the ef fec t  of time 
- 
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4 

on the degradation of isocyanurate foams. 

of s t ress in  ce l l  membranes a f t e r  a 30-second exposure a t  50OoC. Figure 31b 

shows par t ia l  rupture of cell  membranes a f t e r  a 90-second exposure a t  50OoC. 

Exposure of the isocyanurate polymers for  300-seconds a t  50OoC. shows complete 

carbonization of cel l  s t r u t s  and loss of membrane structure (Figures 31c 

and 31d). 

Figure 31a shows the onset 

c. I. R .  Spectroscopy 

Infrared spectroscopy was used i n  the prel irrinary investigation of the 

oxidative degradation of isocyanurate foams. 

from the char residue. 

Figures 32 through 36. 

control isocyanurate foam as determined using a Beckman Model IR-8 

Infrared Spectrophotometer. 

KBr pel l e t s  were prepared 

The resul ts  of t h i s  study are displayed i n  

Figure 32 is the infrared spectrum of the 

The isocyanurate foam shows absorptions character is t ics  o f  N-H 

(3.00’), -N=C=O (4.35’), C-0 (6.0FL) - (indicative of a urethane 

carbonyl), aromatic double bond (6.25’) C-H (3.40’), (6.75’, and 7.20’), 

C-0-R (9.7’) and aromatic C-H (12.3 and 13.4’). 

carried o u t  a t  200°C. resulted in a loss of intensity a t  3.0FL, ( th i s  

could be loss of water). 

Oxidative degradation 

Oxidative degradation carried out a t  30OoC. shows loss of C-0-R 

intensity as well as loss of C=O. 

of the urethane moiety. 

This i s  indicative of breakdown 

Further heating up t o  70OoC. shows complete loss of infrared 

absorption with the exception o f  -N=C=O a t  4.35’. 

Further study is  necessary i n  order t o  refine the analytical 

procedures using the KBr pe l le t  technique o r  the attenuated total  

reflectance technique to  resolve the detailed structural  changes d u r i n g  

’ the oxidative degradation studies. 
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Analysis of the infrared spectra shows l i t t l e  change i n  the overall 

i socyanurate s t ructure  below 20OoC. 

a t  3OO0C shows loss  of  isocyanate and isocyanurate structure.  

spectra of samples exposed to  environments a t  400 and 5OO0C show continued 

carbonization of the polymer structure which is i n  agreement w i t h  

previous scanning electron microscope and visual observations. 

Exposure to  a heated environment 

Infrared 

d. _ -  I.R. Photography of Char Formation 

Figure 37 i s  a composite photograph of infrared pictures showing 

progressive char formation o f  the uncoated isocyanurate specimens i n  an 

oxidizing flame a t  195OOF. 

leading edge. 

to  a depth of approximately 3/4-inch af te r  a two-second flame exposure. 

Figure 37c shows the surface char propagation to  a distance of l%-inches 

a f t e r  a four-second exposure. The leading edge of the samFle has 

reached a temperature great  enough to  glow and show resistance t o  

fur ther  char degradation. 

observed to  have propagated a distance of &.-inches after an 8-second 

flame exposure. 

foam surface a f t e r  increasing flame exposure. 

Figure 37a shows a s l i gh t  charring a t  the 

Figure 37b i l l u s t r a t e s  propagation of the char surface 

In Figure 37d the surface char may be 

Figure 38 shows the progressive char formation on the 

6. FLAME PENETRATION TEST - BUREAU OF MINES TEST 

Fire endurance o r  flame penetration character is t ics  is a measure of 

the resistance of a material t o  "burn-through'' when subjected to  the 

d i rec t  impingement of an oxidizing flame. 

i s  important for  use i n  localizing a f i r e  o r  providing protection i n  

c r i t i ca l  areas. 

This property of a material 

A schematic diagram of the apparatus f o r  the flame penetration t e s t  

is  shown i n  Figure 39. 
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The flame temperature for each tes t  sample r u n  was measured by a 

chrome1 -al umel thermocouple which  was referenced to  the temperature of 

an i c e  bath using a Varian Associates Instrument Division Recorder 

(range of 5Omv). 
- - -  

All samples of the specimen NASA isocyanurate foam sample 3a were tested 

f o r  ten minutes while i n  d i rec t  flame contact. Two of the three tes t  

samples o f  NASA isocyanurate foam sample 6a were tested f o r  ten minutes. 

However, t o  gain information about the maximum high-temperature flame 

res is tance, the t h i r d  sample was exposed u n t i  1 a burn-  through was completed . 
Table X l i s t s  information describing sample specifications and t e s t  

conditions. 

TABLE X 

FLAME PENETRATION TEST - SPECIFICATIONS 

Sample Weight Density Flame Temperature Test Duration I (gms 1 (gms 1 (OF 1 (minutes ) 

. 

Ja- 1 20.94 0.613 1959 10.0 

3a-2 21.89 0.601 19 16 10.0 

3a-3 Flame O u t  - Test Discontinued --- --------- 
6a- 1 20.92 0.596 1926 10.0 

6a-2 22.51 0.660 1916 10.0 

6a-3 20.22 0.600 1959 18.35* 

c * Burn-through 

Visual analysis of test  samples is  summarized i n  Table XI. 
- 
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TABLE XI 

FLAME PENETRATION TEST - SAMPLE ANALYSIS 

Sample Burn-Depth White Char Black Char Paper Scorch 
(Inches ) Diameter-Inches Diameter-Inches Diameter-Inches 

3a- 1 0.63 2.00 2.75 1.50 

3a-2 0.41 2.75 3.20 1.00 

3a-3 ------------- (Flame O u t  - Test Discontinued)----------------------- 

6a- 1 0.47 2.63 3.00 1.60 

6a-2 0.44 2.70 3.20 1.50 

6a- 3 Burn- t h rough  3.00 3.50 Burn- through 

Figure 40 shows actual photographs of the flame penetration t e s t  

on isocyanurate foam samples, while Figure 41 compares photographs of 

coated and uncoated foams. 

An additional tes t  was performed using the uncoated isocyanurate 

foam to  determine the relationship between time of fire exposure and 

wieght loss .  

exposure time. 

Figure 42 shows the weight loss  observed as a function of 

Finally, one tes t  each t o  burn-through was r u n  on the uncoated and 

the two-coated foams. The Fluorel- 

coated foam required the longest time to obtain a burn-through, although 

a1 1 three material s showed very good endurance, requi ring 1 onger 

than ten minutes for  burn - th rough .  

The results are  given i n  Table XII. 
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TABLE XI1 

FLAME PENETRATION - BUREAU OF MINES TEST 

In i t ia l  weight (grams) 

Final weight (grams) 

Weight loss (grams 

% Weight Loss 

Burn-Through (Minutes ) 

Diameter of Char 

Front Surface , Inches 

Back Surface, Inches 

Isocyan urate 
Foam 

(Control ) 

28.6 

24.9 

3.7 

- 

12.9 

24.0 

2.75 

1.94 

Test Specimens 

Isocyanurate Isocyanurate 
Foam Foam 

(F1 uorel (Intumescent 
Coated) Coated ) 

22.5 31.6 

19.8 29.2 

2.7 2.4 

12.0 7.6 

31.25 18.25 

2.75 1.815 

2.125 9.94 

7. LIMITING OXYGEN INDEX 

The L i m i t i n g  Oxygen Index (LOI) Method developed by Fennimore,et.al. ( 9 )  

permits the assessment of the flammability hazard of a polymer as a 

function of ignition position and geometry of the sample. 

is a term that  has been used to  describe the non-flame propagating nature 

of a "fuel" l iberated from a substrate on heating, i n  any mixture r a t i o  

w i t h  the environment. 

"Flame retardancy" 
d 

In actual practice , most measurements are conducted 
. .  
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i n  a i r  and, hence, flame retardance is conventionally associated w i t h  an 

environment containing 21% oxygen. 

behavior of many pals t ics  which are rated flame-retardant by certain 

flammability tests,  b u t  flammable by others,  can be traced to  the 

fundamentally combustible nature of the "fuel" l iberated i n  a i r .  Many 

of the small-scale laboratory t e s t s ,  which s t ipu la te  self-quenching times 

as a cr i ter ion f o r  the rating, presuppose ignition and flame propagation 

by the substrate. Only inherently flame-retardant polymers fu l f i l  the 

The frequently observed contradicting 

def ini t ion,  i .e. they produce only non-combustible vola t i le  gases on 

degradation i n  a i r .  This is true of the highly cross-linked aromatic 

polymers or  aromatic heterocyclic polymers possessing a h i g h  degree of 

resonance s tabi l  i ty. 

The LO1 is  defined as the m i n i m u m  concentration of oxygen i n  nitrogen 

o f  which the combustion of a t h i n  polymer rod can just be sustained i n  

candle-type fashion. 

i n  this program. 

The LO1 of a rod of isocyanurate foam was determined 

Figure 43 is  a summary of the e f fec t  o f  oxygen 

concentration on the combustion of isocyanurate foam. A rather sharply 

defined LO1 of 0.29 was observed. By this tes t ,  the isocyanurate foam 
- 

would be judged as below average i n  flammability. 

- __. 

8. FIRE SIMULATION TESTS 

A source capable of yielding a h i g h  heat flux was required i n  

order t o  evaluate the thermal insulating quali ty of r i g i d  ce l lu la r  plast ics .  

I t  was suggested that  a JP-4/air f i r e  could be created and controlled 

to  yield conditions similar to tha t  which ex is t s  under real f i r e  conditions. 

A combustion u n i t ,  s imilar to  the one developed by NASA-Ames, was 

constructed and used to  perform a comparative experiment - on . the .. isocyanurate 
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foams (see Figure 44). 

l i n e d  chamber o f  %" steel  plate sheet w i t h  a Ray Oil Burner, type 00 for mixing 

T h i s  thermal f a c i l i t y  consisted of a firebrick- 

the fuel w i t h  a i r  and injecting the mixture i n t o  the firebox. Air 

in l e t s  placed i n  the bottom of the firebox were used t o  control the draft .  

Two 12" x 12" t e s t  areas were located on the top of the u n i t .  Foam 

samples o r  a control plate containing a copper heat conduction bar 

fo r  measuring the convection heat f lux  from the f i r e  could be placed on 

e i ther  of these t e s t  areas. 

t e s t  area was used t o  withdraw gas samples via an aspirator.  

A gas  sampling tube placed downstream of the 

Thermo- 

couples placed inside the gas sampling por t  fac i l i t a ted  the determination 

of gas temperatures w i t h i n  the flame zone. Two hundred millfrneter 304- 

stainless-steel gas sampling bottles were used to continuously withdraw 

samples for chemical analysis. 

bottles were open d u r i n g  the t e s t  period. 

midpoint of the bottles allowed for  withdrawal of samples w i t h  a needle 

syringe. 

Valves a t  each end of the sampling 

A septum placed a t  the 

A copper rod, 1/2" diameter and 34" long was mounted inside a 

s ta inless  s teel  bulkhead connector on the t e s t  area cover plate. 

Two constantan wires attached one inch apart formed two thermocouples. A 

copper wire from the top  end of the bar  was used t o  complete the c i rcu i t .  

The measured gradient along the bar and the known thermal conductivity of 

the bar were used t o  compute the heat conducted from the flame zone. 

Heat fluxes determined th i s  way varied from 9 to  22 B T U / f t a 2  sec a t  the 

sample exposure area. 

a JP-4 fuel flow ra t e  o f  1.5 gallons per hour. 

ranged from 1116OF t o  19OOOF depending on the r a t e  of  fuel flow. 

The highest heat f l u x  observed was produced a t  

Measured flame temperature 

Figure 45 presents the back surface temperature r i s e  for the Fluorel- 
. .  
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coated isocyanurate foam, a sample of the isocyanurate foam coated w i t h  

the NASA intumescent coating, and the control isocyanurate foam. The 

l a t t e r  results were plotted from data obtained from NASA. 

One run  was made i n  the Fire Simulation Chamber w i t h  an uncoated 

isocyanurate foam block t o  obtain gas samples and t o  determine the 

surface response o f  the foam. The foam formed a uniform black char 

over the surface exposed t o  the JP-4 combustion flame. 

charred surface cracked badly.  However, the structural  integri ty  of 

On cooling, the 

the foam was maintained throughout the actual exposure. In t h i s  run, 

samples of gas downstream of the foam sample were withdrawn a f t e r  one 

and f ive  minutes exposure times. 

a Hewlett-Packard gas chromatograph using a ZO-inch sil ica-gel column 

These samples were processed through 

(%-inch diameter) i n  ser ies  w i t h  a 20-foot molecular sieve column (90% 

mal sieve 13 x f 20% mal sieve 5A) w i t h  helium flowing a t  30 m l / m i n .  

On a water-free basis, the gas composition was determined to  be 

essent ia l ly  identical t o  that  obtained w i t h  no foam present, as des- 

cribed i n  Section IV above. 

suff ic ient ly  greater than the additional gas eff luent  volume from the 

foam tha t  the possible quantit ies of additional gas species were 

The volume of  JP-4 combustion gas was 

undetectable. 

9. COMPRESSIVE STRENGTH 

An Instron tens i le  testing apparatus was used t o  determine the 

compressive strength o f  isocyanurate foam and coated foams. 

2-inch cube samples were f i r s t  allowed to  equilibrate i n  the Instron 

Cabinet a t  selected temperatures. 

The nominal 

They were then subjected to compressive 
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loading using a s t r a in  r a t e  of 0.1 inch/minute a t  the selected temperature. 

Figure 46 shows the resu l t s  fo r  isocyanurate foam over a temperature range 

of 5OoF. to  45OoF. a t  5OoF. intervals.  

t o  decline gradually as the temperature is increased. 

of tests were conducted a t  150OF. on each of the three materials. 

The compressive strength appears 

A second ser ies  

The 

compressive strength values measured were: 

Uncoated foam: 18.2 psi 

F1 uorel -coated foam: 20.6 psi 

Intumescent-coated foam: 24.2 psi 

As might  be expected, a t  temperatures below the in i t ia t ion  of substantial 

pyrolysis, the presence of the coatings tended to enhance the compressive 

strength. 

c 
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E.  LABORATORY ANIMAL EXPOSURE TESTS - LD-50 TESTS 

1. .. . GROSS EFFECTS - _ .  

In experimental toxicology i t  is  common practice t o  determine the 

quantity of poison per u n i t  of body weight of an experimental animal 

which will produce a lethal effect .  A commonly used measure i n  experi- 

mental industrial  toxicology i n  the amount of exposure which is  required 

t o  k i l l  one-half of  a group o f  experimental animals. This is  known as 

the LD50 t e s t  (Lethal Dose-50 Percent) representing 50 percent 

f a t a l  i t i e s  

The Manufacturing Chemists Association bases i t s  definit ion 

One of the definit ions employed the term "poison" on this test. 

of 

reads 

as follows "Poison - a substance o r  group of substances which produces 

death w i t h i n  14 days in half o r  more than half of a group of 10 o r  more 

laboratory white r a t s  weighing 200-300 grams, when inhaled continuously 

for  a period of one hour or less  a t  an atmospheric concentration of 

200ppm or 2 milligrams or less  per l i t e r  of gas, vapor, mist, or 

d u s t  provided such concentration is l ike ly  to  be encountered by man 

when the substances are  used i n  any reasonable foreseeable manner." 

A ser ies  of experiments were performed to  determine the gross 

e f fec ts  of isocyanurate foam, F l  uorel-coated isocyanurate foam, and 

isocyanurate foam protected w i t h  the intumescent coating on the l i f e  

of laboratory animals. 

Male Sprague Dawley r a t s  were exposed to  the pyrolysis and 

degradation products which were generated by heating weighed samples 

of the isocyanurate foams and foam systems. 

i n  the Animal Exposure Chamber i l lus t ra ted  i n  Figure 5. 

are  summarized i n  Table XIV. 

These t e s t s  were performed 

The results 

42 



P 

-r 

.I- 

H 

m 
c, 
S 

N co 
M 

co 
W 
M 

W 
Lo 
0 

co 
d- 
M 

0 
Lo 
M 

N 
Lo 
M 

Lo 
0 
d- 

h cn 
M 

M co 
M 

l-i 
to 
M 

Lo 
h 
M 

0 
cn 
0 

E 
l-l 

d- 

d- 

E 
0 

Ln co 
M 

N 
m 
M 

h 
d- 
M 

h 
d- 
M 

0 
Lo 
M 

d- cn 
0 

* 
0 
h 
M 

N 
h 
M 

4 
u3 
M 

Lo 
Lo 
M 

Lo 
Lo 
M 

L o c o  M c o  
d - M  

a h  N c o  
d - M  

h h  
N h  
e - M  

N N  
N h  
d - M  

4l-i 
N h  
d - M  

0 0  
N L O  
e m  

d- 

d- 

n -  
e o  a c  n c  
U L  

o c  m a  
MC1 

co 
M 
d- 

2 
d- 

W 
cn 
M 

co cn 
M 

e-4 
d- 

as co 
M 

N cn 
M 

N 

3 

W 
h 
M 

N 
h 
M 

0 co m 

0 
h 
M 

N co 
0 

or 
W 
M 

cn 
m 
M 

N 
Lo 
M 

Lo 
W 
M 

0 
Ln 
0 

d- 

d- 

U 
a, 
c, 
0 
S 

v) 
a, 
V 
a, cc 
c, 
% 
0 
v, 

v) 
a, > 
a, 
v) 

P 

5 
-c 
c, 
m 
S 
.I- 

5 
0 
L 
m 
c, 
0 
S 

VI m 
3 
v) 
c, 
m 
L 
v- 
0 

P 
3 
0 L 
Cn 
v) 

r 
I- 
C 

.r 

- 
%I- 
o s  cc 

l-i 

U 
0 

L 
a, a 
a, 
L 
3 
v) 
0 
CL 
x 
a, 
a, 
c, 
S 
S 

-r- 

.C 

7 
0 
4 

L 
a, 
c, cc 
m 
L 
a, n 
5 
-l= 
V 

a, r 
c, 

5 
L cc 

(d > 
0 
E 
a, 
L 
S 
0 
W m 
a, 

c 

n 
n 
e 
0 n 

N 

43 



* 

These results indicate t h a t  a ten-minute exposure t o  a concentration 

of 2.0 gm/ft .3 resulted i n  a 100 per cent death rate. 

gm/ft. 

i l l  effects from the exposure as indicated by their constantly increasing 

weights during the two weeks following exposure. 

reaction which included erratic muscular spasms was noted i n  all tes t  

animals during the exposures. 

noted with the fluorel refset nor w i t h  the 45-B-3 coatings. 

However, a t  1.1 

all  of the animals survived and appeared t o  have suffered no 

However, a severe 

The reaction was swere and was no t  

Additional 

tests a t  less t h a n  LD-50 conditions are merited t o  determine possible 

injury t o  the animals and t o  determine the pyrolysis products responsible 

for this behavior. 

a coa t ing ,  possible adverse synergistic responses may be noted. 

When combined with the effects of  other gases, as from 

From the 

da ta  in Table XIV, actual LD-50 concentrations l i e  between 1.1 and 2.0 

gm/ft .  3 

2. PHYSICAL COORDINATION AND RESPONSE 

While the f i r s t  phase o f  the study dealt w i t h  gross survival o f  

animals subjected t o  products from burning polymers, long-range effects 

of these products on animal response and behavioral patterns are a l so  

of interest. 

lethal doses involves the animal's loss of  equilibrium. This test  i s  

depicted in Figure 47, and involved a one-inch bar rotating a t  5-rpm. 

In Figure 47a, several rats are shown prior t o  exposure t o  toxic gases. 

They are capable of staying on the rotating bar f o r  several minutes. 

Some animals f a l l  before duration of  the 5-minute tes t ,  b u t  only when 

trying t o  get off the bar, as  illustrated by the r a t  i n  the center of 

the ba r  in Figure 47a. 

One test  to  determine effects of toxic  gases a t  less than 

This r a t  is  trying t o  climb the barrier, which 
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separates test  animals, and fell shortly after this photograph was taken. 

However, this type of failure to  pass the 5-minute test  is  easily 

distinguished from an animal falling due to  inability t o  maintain 

equilibrium on the bar. The f i r s t  adverse effects of toxic gases are 

readily distinguishable when animals are exposed t o  less t h a n  toxic  

concentrations, because of the obvious loss of  physical coordination. 

A variat ion of this test  involves exposing animals while on the 

rotating bar .  

in Figure 47d where one of the test  animals i s  shown falling. 

This variation is illustrated in Figures 47b, 47c, and 

The Animal Coordination Chamber, just described, was used t o  

evaluate pos t  fire-exposure coordination in those rats surviving the 

initial LD-50 tests. Table XV summarizes the animal response measured 

18 hours after f i re  exposure. 

determined by this tes t ,  was noted for  those animals s u r v i v i n g  exposure 

t o  uncoated isocyanurate pyrolysis products. 

No loss o f  physical facil i t ies,  as 

While the experimental parameters have not  been finalized, pre- 

liminary da ta  suggests t h a t  use of this test  in future testing is 

merited, especially when testing a t  less t h a n  lethal doses of toxic  

gases 

VI. INTUMESCENT COATING, 45-B-3 

The previous section includes studies made on intumescent-coated 

isocyanurate foam. 

coating are presented. 

formation results fo r  coated foam are discussed. 

A. SMOKE DEVELOPMENT 

In this section, results for just the intumescent- 

In addition, oxidative degradation and char 

Using a modified XP-2 chamber, light obscuration measurements were 

obtained on intumescent coating for  conditions of no air flow and a i r  
45 



c 
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TABLE XV 

ANIMAL RESPONSE - 18 HOURS POST FIRE EXPOSURE 

Exposure Conditions Ability to  Pass 5-Minute Equ i l ib r ium Test 

Animal 
# 1  

Uncoated I so cyanurate Foams 
1.0 grams P 
1.1 grams P 
2.0 grams D 

F1 uorel -Refset 
1.5 grams 
2.0 grams 
2.8 grams 
3.0 grams 

P 
F* 
D 
D 

Intumescent Goa ti ng 
2.0 grams P 
4.0 grams D 
8.2 grams D 

JP-4 Fue 
1.0 m l  P 
2.0 m l  P 
4.0 m l  D 

Animal Animal Animal Remarks 
# 2  # 3  # 4  

P P P 
P P P 
D D D 

P P P 
F* F" F* 
D F F 
D D D 

P D P 
F* D D 
D D F* 

P Passed - 3 minute t e s t  on bar 
D Died prior to  testing 
F Failed - 3 minute t e s t  on bar 
F* Hind legs paralyzed, unable to  g r i p  bar - can walk w i t h  d i f f icu l ty  
Additional studies are required to  determine specif ic  response t o  pyrolysis 
and combus tion eff  1 uents. 
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flow a t  1Ocfm. The resul ts  are plotted in Figure 48. 

with the coated-foam samples, smoke was more severe w i t h  a i r  flow than 

without. 

minute. 

resul ts  for  the unsupported coating shown in Figure 48 show j u s t  s l igh t ly  

less l i gh t  obscuratipn for  no a i r  flow conditions. 

As 

Approximately 60 t o  70% l igh t  obscuration occurred i n  one 

Compared t o  the coated-foam resul ts  shown in Figure 13, the 

B. FLAMMABILITY CHARACTERISTICS 

Some resu l t s  on intumescent-coated foams, which were no t  presented 

in the previous section are included here. 

1. OXIDATIVE DEGRADATION AND CHAR FORMATION 

a. Air Oxidation 

Figure 49 is a composite i l lus t ra t ion  of the oxidative degradation 

of isocyanurate foams coated with intumescent coatings covering a 

temperature range of 20°C. t o  30OoC. 

i l lus t ra t ion  of the oxidation degradation of the coated isocyanurate 

foams for  the temperature range of 40OoC. t o  55OoC. 

Figure 50 i s  a similar composite 

All samples were permitted t o  equilibrate for  one day a t  7OoC. and 

The samples were then placed i n  an air-muffle furnace for  a 50% RH. 

period of five-minutes a t  the preselected temperature. 

49b show l i t t l e  evidence of change when the control specimen i s  compared 

t o  the specimen exposed t o  100°C. Onset o f  the intumescent reaction may 

be observed in Figure 49c a f t e r  exposure of the t e s t  specimen t o  a 

Figures 49a and 

temperature o f  20OoC. Further 

observed in Figure 49d (300OC. 

char structure may be observed 

development of the char s t ructure  may be 

exposure). Shrinkage of the intumescent 

i n  Figure 50 which i l l u s t r a t e s  the 

response t o  temperature exposures ranging from 40OOC.  t o  55OoC. For 
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comparison Figure 51 is a composite i l lus t ra t ion  showing the resu l t s  

obtained when isocyanurate foams coated w i t h  45-6-3 were evaluated by the 

ASTM D-1692 test  procedure. 

Figure 51b is an edge view of the t e s t  specimens. 

Figure 51a is a top view of t e s t  specimens; 

b. Scanning Electron Microscope 

The scanning electron microscope was used to  follow surface 

changes dur ing  oxidative degradation of intumescent-coated isocyanurate 

foam. These photographs are shown i n  Figure 52. 

Figure 52a shows the surface structure of the control intumescent 

coating as applied t o  the isocyanurate foam. 

of the expansion of the intumescent coating a f t e r  exposure a t  200°C. 

face rupture was f i r s t  observed in the intumescent coating a f t e r  exposure 

a t  40OoC. 

of 50OoC. as shown i n  Figure 52d. 

c. I. R. Spectroscopy 

Potassium bromide pel le ts  were prepared from intumescent-coated foam 

Figure 52b shows the onset 

Sur- 

(Figure 52c. ) Continued degradation occurs a t  a temperature 

samples. 

the charred coating were diff icul t  t o  separate, hence some C-N absorptions 

However, a f t e r  oxidative degradation, the foam substrate and 

were found a t  about 4.211. Good separation of foam and coating was 

possible before the samples were heated , however. 

Figures 53, 54, 55, and 56 are  infrared spectra of the Ames 

Intumescent Coating removed from the isocyanurate foam before and a f t e r  

oxidative degradation. Figure 53, the control spectrum shows the 

character is t ic  bonds which have been assigned to  the components of 

the intumescent coating. These bond assignments were divided into 

- _ _  - . -. three categories - - 1. _ _ _ .  polysulfide, .. 2. epoxide, and 3. the substi tuted 

48 



nitroanil  ine sulfuric acid. 

polysulfide-epoxy moiety included those a t  7.1’, 7.7’, 8.0’, and 

8.3’ fo r  the CH - S - moiety. 

and 9.9’ are  a t t r ibuted to  the -0-CH,-O- functional group. 

peaks a t  6.1’, 6.3’, 6.4”, 6.8”, 15.5’, 16.0’ a re  attr ibuted to  the 

nitroaniline -2- sulfuric acid constituent. 

occurring a t  6.7’, 10.9”, 12.1’, 13.4”, and 13.6’ are  attr ibuted t o  

the epoxide component. 

-N=C=O functional group, which resulted from incomplete removal o f  

the underlying foam substrate. 

Prominent bonds attr ibuted t o  the 

The bonds a t  8.5’, 8.9’, 9.0’, 9.4’, 
s Absorption 

Finally, the weaker bonds 

A minor bond a t  4.3’ is attr ibuted to  the 

L i t t l e  change was observed in the infrared spectra prepared from 

the sample of intumescent coated foam exposed t o  a i r  a t  100°C. fo r  

five minutes. 

bonds attr ibuted to  the above functional groups were not found. 

Further loss  of absorption bonds found i n  Figure 55 are noted 

i n  Figure 56. 

However, a f t e r  exposure a t  200°C. the major absorption 

d. I.  R.  Photography 

Figures 57, 58, and 59 are  composite infrared photographs 

showing the formation of char on samples of isocyanurate foam coated 

w i t h  intumescent coatings. 

as  the sample was placed into contact w i t h  the flame source. 

Figure 57a. ) Continued edgewise char formation was observed i n  

Figure 57b a f t e r  a two-second flame exposure. 

observed i n  the time period of 4 t o  8-seconds w i t h  isolated char 

formation occurring approximately two inches away from the edges of 

the specimen as shown i n  Figures 57c and 57d. 

was observed i n  Figure 58. 

Evidence o f  char formation was seen as soon 

(See 

Outgassing was f i rs t  

Continued intumescence 

A strong overall surface char was formed 
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24-seconds a f t e r  sample contact w i t h  the d i r ec t  o x i d i z i n g  flame. 

Considerable outgassing and smoke development was observed d u r i n g  the 

char formation. 

intumescence continued, (Figures 59a and 59c). Smoke evolution from 

cracks eminating i n  the border region between the area of intumescence 

Continued cracking of the char was observed as the 

and the area o f  active char formation may be observed i n  Figure 58d. 

formed the expanded char structure provided an excel len t  barr ier  to  further 

degradation. 

Once 

2. FIRE SIMULATION CHAMBER TEST 

An aluminum panel coated w i t h  45-B-3 was tested i n  the f i r e  

simulation chamber burning JP-4 fuel by the procedure described i n  

Section V-D above. Analysis of a qas sample from a location downstream 

of coated specimen gave essent ia l ly  the same composition as quoted 

i n  Section IV-Eabove w i t h  no specimen present. 

formed a very light-weight puffy char, which was approximately four 

t o  f ive  inches h i g h  over the exposed surface. The aluminum backing 

The intumescent coating 

plate  was n o t  greatly affected. 

3. LABORATORY ANIMAL EXPOSURE 

The animal exposure t e s t  procedures were previously discussed 

i n  Section V-E, and the apparatus shown i n  Figure 5. 

Table XVI summarizes the e f fec t  of intumescent coating 45-6-3 

pyrolysis products on mal e Sprague-Dawley rats. 

The i n i t i a l  LD-50 dose is about 3 gm/ft .  3 ,  however the LD-50 

based on the two week survival period is  2.0 g ~ n / f t . ~  All animals 
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exposed t o  pyrolysis products of 45-B-3 were dyed yellow from these 

gases and remained ye1 low fo r  the subsequent four-week observation 

period. 

Animal responses were also determined using the equilibrium test  

and are summarized and compared to  the foam control and f luorel-refset  

i n  Table XV. 

VI1 FLUOREL REFSET 

In Section V, some studies on Fluorel-coated foam were presented. 

In this section, resul ts  for just the Fluorel coating are discussed. 

In addition, oxidative degradation and char formation resul ts  for the 

coated foam are  discussed. 

A. SMOKE DEVELOPMENT 

The per cent l i g h t  obscuration of unsupported fluorel re fse t  

i s  shown i n  Figure 60 for dynamic and s t a t i c  a i r  atmospheres. 

dynamic atmosphere resulted i n  i n i t i a l l y  higher obscuration values , 

however a f t e r  50 seconds both methods gave about the same resul ts .  

Considerably l e s s  smoke was observed than w i t h  the coated foam shown 

The 

i n  Figure 13 fo r  s t a t i c  a i r  conditions. 

B. THERMAL ANALYSIS 

Thermal analyses of fluorel refset  coating were made using a 

Dupont Model 950 Thermogravimetric Analyzer and a Dupont Model 900 

Differential Thermal Analyzer. 

samples of Fluorel which were subjected t o  a LO°C. /min .  dynamic heating 

ra te  i n  oxygen and nitrogen environments (100cc/minute flow rate). .  No 

differences were observed i n  the thermograms u n t i l  the temperature 

exceeded 35OoC. a t  which time the sample heated i n  the oxygen environ- 

Figure 61 presents the thermograms for  

I 
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ment showed an acceleration of weight  loss until a char yield of 40% 

was reached a t  approximately 40OoC. 

to  s t a r t  a t  approximately 450OC. i n  the sample exposed to  the inert 

nitrogen environment. 

observed to form a t  approximately 50OOC. 

A similar weight loss was observed 

A re la t ively s table  char yield of 45% was 

Analysis of the different ia l  thermal analysis thermograms shown 

i n  Figure 62 showed t h a t  an i n i t i a l  endothermic peak occurred a t  

35OoC. followed by a strong exothermic response i n  the oxygen environment. 

The F1 uorel sample, exposed t o  the nitrogen envi ronment, exhibited 

two endothermic peaks, one a t  27OoC. and a second peak a t  35OOC. which 

was followed by a strong exothermic reaction a t  475OC. 

account of the chemical nature of these reactions is given i n  the 

next section covering analytical techniques. 

A more detailed 

C. CHROMATOGRAPHIC ANALYSIS 

Separation of the pyrolysis products from Fluorel Refset was 

achieved using a 10' long x 1/4" diameter, s ta inless  s teel  column 

packed w i t h  50/80 mesh Porapak Q. 

fo r  18 hours a t  250°C w i t h  He flowing a t  30cc/min. 

helium flowing a t  30cc/min. and 40 ps ig .  

Detector (TCD) was operated a t  200MA and 250'C. 

Before use, the column was conditioned 

Carrier gas was 

The dual thermal conductivity 

m 

The following experimental sequence was used to pyrolyze 20 mg samples 

w i t h  the Hewlett-Packard Pyrolyzer attachment: 

1. Inser t  pyrolysis probe and sample into 250°C injection por t  

and condition 15 minutes. 

2. Pyrolyze 15 sec. a t  8OO0C and s t a r t  analysis sequence. 

3. Column Temperature Program - 
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.. 

, 

a. 

b. 

c. 

Hold 10 minutes a t  8OoC 

Increase the oven temperature a t  GoC/rninute to  25OoC 

Hold 10 minutes a t  25OoC and cool for next sample. 

hlhen Fluorel Refset was pyrolyzed by the foregoing technique, a 

black residue was recovered, corresponding to  21  percent of the original 

sample weight. By contrast ,  when Fluorel Refset was heated i n  an a i r  

atmosphere, a white residue was obtained which  was estimated a t  about 

5-10 percent of the original sample weight. Exact weight was not 

determined because of d i f f icu l ty  o f  removal of the residue from the 

pyrolysis probe. Analysis of the residues result ing from bot'h pyrolysis 

and oxidative degradation of Fluorel Refset was not carried out .  

Infrared and elemental analysis of these residues would be of value 

i n  determining the mechanism of F1 uorel Refset decomposi tion. 

A study of the thermograms obtained d u r i n g  oxidative degradation 

and pyrolysis o f  Fluorel-Refset indicated the f i r s t  major weight loss 

occurred a t  45OoC. i n  the iner t  nitrogen environment {see Figure 61). 

A strong exothermic reaction was also observed i n  the iner t  environ- 

ment i n  the same temperature region (see Figure 62). 

Pyrolysis of Fluorel Refset, as described above, resulted i n  the 

separation of more than 28 peaks as shown i n  Figure 63. Tentative 

identification of twelve low molecular weight products was made by 

matching retention times of known compounds. 

sumarized i n  Table XVII. 

was determined and used to approximate the percentage o f  each peak. 

Included i n  Table XVII are the re la t ive  peak areas from the chromato- 

graphic output. 

ident i f ied,  re la t ive  peak areas for  a l l  other major peaks are tabulated. 

These resul ts  are 

The total  area under the 28 major peaks 

Besides these compounds which were tentat ively 

- .  
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TABLE XVII 

RELATIVE QUANTITIES OF PYROLYSIS CHROMATOGRAM PEAKS OF FLUOREL REFSET 

Peak Number Re1 ative Area Percent Area Ten t a t  i ve I den t i f i cat i on 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
2 1  
22 

23 
24 
25 
26 
27 
28 

TOTAL 

200,800 
2,286 

320,000 
10,270 
46,930 

7,817,000 
22,400 

6,214 
34 , 520 

1,928 
19,290 
39,260 

222,000 
70,120 
44 , 480 
54,250 
60,980 
70,240 
92,890 

109,200 
169 , 800 
67,830 
66,720 
90,450 

194,400 
168 , 300 
54 , 560 

373,900 

10,423,438 

1.94 
0.02 
3.04 
0.098 
0.45 

75.0 
0.22 
0.059 
0.34 
0.018 
0.18 
0.38 
2.12 
0.68 
0.43 
0.52 
0.54 
0.67 
0.89 
0.96 
1.63 
0.65 
0.64 
0.86 
1.86 
1.61 
0.52 

3.58 

Carbon Monoxi de, Oxygen, Ni trogen 
Hydrogen F1 uori de 
Carbonyl F1 uori de 
Tri fl uoromethane , Hexafl uoroethane 
Di f l  uormethane 
1 , l - D i  f l  uoroet hyl ene 
Hexaf 1 uoropropene- 1 

Perfl uorobutene-2 
Perfl uorobutene-1 

- 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

- 
- 
- 
- 
- 
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FIGURE 57a. IGNITION 

FIGURE 57c. 4 SEC. 

FIGURE 57b. 2 SEC. 

FIGURE 57d. 8 SEC. 

FIGURE 57 INFRARED PHOTOGRAPHS 
OF CHAR FORMATTON IN 
ISOCYANURATE FOAM 
WITH INTUMESCENT 
COAT 1 NG 
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FIGURE 65. CHROIVIATOGRAM OF SELECTED 
FLUORINATED GASES. 
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FIGURE 67a. CONTROL FlGURE 67b .  100°C. 

FIGURE 67c. 200°C. FIGURE 67d. 300°C. 

67 OXIDATIVE DEGRADATION OF 
FLUOREL COATED FOAM 
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FIGURE 68a. 40OoC. 

FIGURE 6 0 b .  

FIGURE 68. OXIDATIVE DEGRADATION OF 
FLUOREL COATED FOAM 

i i 



FIGURE 69, ASTM D-1692 
(TOP VIEW:) 

FIGURE 69. ASTM D -1692  
(EDGE VIEW) 

FIGURE 69. COMPOSITE - BURNED 
SAMPLES ASTM D-1692 TEST 



FIGURE 70a.CONTROL- 550X F I GU RE 70 b. CON T ROL-1 IOOX 

FIGURE 70~. 100°C - 220X FIGURE 70d. 300°C - 2600X 

FIGURE 70. OXIDATIVE DEGRADATION OF 
FLUOREL COATED ISOCYANURATE FOAM 
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FIGURE 71a. 200°C- 11OX FIGURE 71b. 200°C - 225X 

FIGURE 7 1 ~ .  300°C -260X FIGURE 71d. 500°C- 20X 

FIGURE 71. OXIDATIVE DEGRADATION OF 
FLUOREL COATED ISOCYANURATE FOAM 
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FIGURE 753. IGNITION FtGilRE 75b. 2 SEC, 

FIGURE ?5c. 4SEC. FIGURE 75d. 8 SEC. 

FIGURE 75. INFRARED PHOTOGRAPHS OF 
CHAR FORMATION IN  
FLUOREL COATED FOAM 



FIGURE 76a. 12 SEC. FIGURE 76b.  16 SEC. 

FlGURE 7 6 c .  20 SEC, FIGURE 76,. 24 SEC. 

E76.  INFRARED PHOTOGRAPHS OS 
CHAR FORMATION 1N 

UOREL COATED FOAM 
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